Our previous work suggests that one mechanism through which connective tissue breakdown might occur in periodontal diseases is the production of metalioproteinases, including collagenase, by gingival fibroblasts. In this study we investigated whether highly purified preparations of lipopolysaccharide (LPS) and lipoteichoic acid (LTA) from a number of putative periodontal pathogens could induce monolayer cultures of human gingival fibroblasts to synthesize collagenase and prostaglandin E2. Using both biochemical assays and immunocytochemical techniques, we found that cells synthesized only very small amounts of collagenase in direct response to LPS or LTA (0.1 to 20.0 ,ug/ml). At the highest dose of both antigens, prostaglandin E2 production was increased. We then studied whether LPS and LTA could signal collagenase production by interacting primarily with a different cell type. Our results show that LPS and LTA were each able to stimulate cultures of human blood mononuclear cells (greater than 95% monocytes) to release collagenase-inducing cytokines. By indirect immunocytochemistry, we found that a large proportion of human gingival fibroblasts was activated to produce collagenase by supernatants from LPS-and LTA-stimulated mononuclear cells, whereas gingival fibroblasts cultured with supernatants from unstimulated mononuclear cells were not. Furthermore, in a population of activated fibroblasts we demonstrated, using a double-labeling technique, that some cells made collagenase and the specific tissue inhibitor of metalloproteinases (TIMP) simultaneously. As yet, the collagenase-inducing signals remain poorly characterized but the interleukins-1 and tumor necrosis factors seem likely candidates.
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We previously showed that explants of gingiva from patients undergoing periodontal surgery synthesized three metalloproteinases (MPs), collagenase, gelatinase, and stromelysin (formerly called proteoglycanase), when maintained in culture for several days (15) . Though all of these enzymes were synthesized as inactive precursors (latent forms), some of the collagenase in the culture medium had become activated and therefore had the potential to mediate connective tissue destruction. Collagenase is a specific proteinase, able to cleave only interstitial collagens (types I, II, and III), but the other MPs demonstrate wider substrate specificity (11, 23) , such that the concerted action of the three enzymes is capable of degrading all of the components of connective tissue matrices. Interstitial collagens may also be degraded in vitro by proteinases of the other classes (serine, aspartic acid, and cysteine), and it remains to be established whether collagen degradation in vivo takes place as a result of the cooperative action of all of these proteinases or whether the activity of a single proteinase is dominant in specific conditions. MPs have neutral pH optima and have been shown to mediate extracellular matrix degradation in a number of in vitro model systems (6, 12) , and it has been suggested that MPs have an important role in mediating connective tissue breakdown in both physiological and pathological degradative processes (24) . Indeed, we have proposed that MPs are largely responsible for the destruction of periodontal tissue that takes place during the progress of periodontal diseases (22) .
When we grew gingival fibroblasts from explants of tissue, we found that the cells no longer secreted collagenase into the medium. Instead, we detected significant levels of tissue inhibitor of metalloproteinases (TIMP; 15). This was consistent with our previous studies carried out with other connective tissue cells, such as chondrocytes (10, 30) and osteoblasts (14) (18, 19) .
Gingival fibroblast cultures. Fibroblasts were grown from human gingival explants as described previously (15 (20) to estimate the proportion of monocytes present and checked for viability by exclusion of Trypan Blue. The adherent mononuclear cells (more than 95% monocytes) were then cultured for 24 or 48 h with the various antigen preparations (20 ,ug/ml). The mononuclear cell-conditioned medium (MCM) was then clarified by centrifugation and used in experiments at a concentration of 20%.
Collagenase assay. Collagenase activity in supernatants from gingival fibroblasts was measured by the release of '4C-labeled peptides from thermally reconstituted trypsinresistant fibrils of 14C-acetylated rat skin type I collagen (28) . One unit of collagenase hydrolyzes 1 pig of reconstituted fibrils per min at 35°C. Procollagenase was activated by including 4-aminophenylmercuric acetate in the fibril assay (final concentration, 0.67 mM).
Assay for PGE2. Culture supernatants were assayed for PGE2 by specific radioimmunoassay. Portions of media were added to 60 nCi of [n_3H]PGE2 (Amersham International, Amersham, United Kingdom) and rabbit anti-PGE2 bovine serum albumin (Steranti Research, St. Albans, United Kingdom) in sodium phosphate buffer (100 mM, pH 7.0) containing 1 mM EDTA, 0.1% gelatin, and 0.1% sodium azide. After incubation at 4°C for 18 h, bound and free PGE2 were separated on dextran-coated charcoal (Steranti Research), incubated at 4°C for 10 min, and spun at 1,000 x g for 10 min, and the supernatant was counted.
ConA-stimulated MCM. Supernatants from human peripheral blood monocytes cultured for 24 h with 100 ,ug of concanavalin A (ConA) per ml provided positive controls for the experiments. Such preparations contained interleukin-1 (IL-1; 10, 27) and probably other cytokines capable of inducing collagenase and PGE2 synthesis in connective tissue cells, such as tumor necrosis factor a (7). To stimulate the human gingival fibroblasts, the preparations were routinely used at a concentration of 20%.
Immunocytochemical localization of collagenase and TIMP.
The specificity of the antisera used and the, methodology for the intracellular immunocytochemical localization of collav genase and TIMP have been published in full (16, 17 To determine whether gingival fibroblasts made both collagenase and TIMP simultaneously, 10 mg of the sheep antibody immunoglobulin G to rabbit collagenase was labeled with tetramethylrhodamine isothiocyanate (TRITC), and 10 mg of the sheep antibody to human TIMP was labeled with FITC by the method of The and Feltkamp (29) . Cells grown on cover slips were fixed and permeabilized as described above and incubated for 30 min with a mixture of the antibodies (both at a 1:100 dilution in PBS). The cells were then washed repeatedly in PBS, mounted, and assessed as described above.
RESULTS
Direct effects of antigens. Supernatants from unstimulated monolayer cultures of human gingival fibroblasts contained very low levels of collagenase when assayed by the 14C-acetylated collagen fibril method (Table 1) . At the end of the 6-day experiment, the cumulative collagenase production collagenase per ml per 48 h in response to ConA-stimulated was only 0.25 U/ml. When the cells were exposed to highly MCM. However, in response to the highest dose of the purified LPS from either A. actinomycetemcomitans, B. antigens (20 ,ug/ml), human gingival fibroblasts did increase gingivalis, or Veillonella sp. and LTA from either S. mutans their output of PGE2 into the medium (Table 2 ). or S. sanguis at a dose range of 0.1 to 20 pLg/ml, it was found Immunocytochemical procedures were also used to investhat some values were statistically greater than control levels tigate whether cultures of human gingival fibroblasts respond (P < 0.05), though the absolute amounts of enzyme proto purified bacterial antigens by synthesizing collagenase. In duced were still so small as to be unlikely to have biological a typical experinment with fourth-passage fibroblasts, it was significance (Table 1) . That the cells were capable of induc-found that 8.5% of unstimulated cells contained brightly tion was confirmed by the inclusion of a pQsitive control in staining Golgi when stained for collagenase by the two-step the experiment; the cells made approximately 2.5 U of (indirect) method after monensin treatment and 36% of cells (Fig. la and b) . In both of these experiments, the response of cells to unstimulated MCM was indistinguishable from that of cells incubated in medium alone; in contrast, ConA-stimulated MCM induced substantial collagenase secretion. The graphs show that LPS from B. gingivalis and A. actinomycetemcomitans (20 ,ug/ml) and LTA from S. mutans (20 ,ug/ml) all induced human mononuclear cells to synthesize a cytokine(s) which, when tested at 20% strength on human gingival fibroblasts (final concentration of LPS or LTA, 4 p,g/ml), stimulated collagenase production for 6 days in culture to levels approaching those induced by ConA-stimulated MCM. Compared with those of control cells, the levels of collagenase produced were significantly higher for days 2 to 4 and 4 to 6 in all cases (P < 0.01), and for S. mutans LTA-stimulated MCM, significantly more collagenase was also produced during the first 2 days of culturing (P < 0.02). Similar data (not shown) were obtained when LPS from Veillonella sp. or LTA from S. sanguis was used in the experiments. All of the preparations of stimulated MCM were tested before use and none were found to contain collagenase. The cells also made PGE2 in response to A. actinomycetemcomitans LPS-stimulated MCM (Table  3) . Endogenous production of PGE2 by human gingival fibroblasts was very low (< 5 ng/ml per 48 h), and this could be stimulated substantially by supernatants from untreated mononuclear cells. However, much higher levels of PGE2 were secreted in response to A. actinomycetemcomitans LPS-or ConA-stimulated MCM. For these experiments, it was noted that the carryover of PGE2 in unstimulated MCM was approximately 4 nglml, and in LPS-stimulated MCM it was 20 ng/ml.
When collagenase production was investigated by immunocytochemical localization, the response to LPS-stimulated MCM was very marked (Fig. 2) . In one experiment (Fig. 2) , 76.4% of the cells were induced to make collagenase compared with 8.2% spontaneously synthesizing the enzyme (unstimulated cultures). Many of these cells were also activated by LPS-stimulated MCM to make TIMP; 80.9% were scored positive for TIMP, compared with 36.1% for control cultures, suggesting that some cells made both collagenase and TIMP at the same time. To demonstrate whether any cells did indeed make both collagenase and TIMP, a double- labeling procedure was used. In one such experiment, 16% of the cells cultured with LPS-stimulated MCM synthesized collagenase and TIMP simultaneously (Fig. 3 ).
DISCUSSION
Our results suggest that antigens from the walls of bacteria commonly present in dental plaque may induce connective tissue breakdown via a mechanism which involves a primary interaction with circulating mononuclear cells. Though human gingival fibroblasts did respond directly to the LPS preparations in terms of PGE2 production, they were only induced to synthesize collagenase in response to supernatants from LPS-or LTA-stimulated mononuclear cells. This was demonstrated in two ways: by assaying the fibroblast supernatants for collagenase activity by using the reconstituted collagen fibril assay and by localizing the enzyme immunocytochemically. There are disadvantages to relying on the collagen fibril assay alone for accurate estimation of collagenase synthesis by cell cultures. The main problem is the likelihood of low levels of collagenase remaining undetected in supernatants containing relatively high levels of TIMP. This occurs because for collagenase to be detected in the fibril assay it must first be converted from its proenzyme form to its active form. This is usually achieved by including 4-aminophenylmercuric acetate in the assay or by trypsin activation. Once the enzyme is activated, it is avidly bound by free TIMP, yielding irreversible TIMP-collagenase complexes which cannot be measured in activity assays (5) . However, such problems are overcome in assays based on the use of the anti-rabbit collagenase antiserum since the antibodies recognize all forms of the enzyme (latent, activated, or bound [16] ). The immunocytochemical approach has the added advantage of providing information concerning the proportion of cells which become activated by a given stimulus.
Using a double-labeling technique, we were able to demonstrate for the first time the simultaneous synthesis of collagenase and TIMP by a marked proportion of stimulated cells. We envisage that for resorption to occur the level of collagenase synthesized and activated must be sufficient to exhaust the local concentration of TIMP so that binding to the collagen substrate can take place. Little information is available at present to explain how collagenase becomes activated in vivo, but one possible mechanism is through the enzyme plasmin. Werb et al. (31) demonstrated that collagenase-producing rheumatoid synovial cells required incubation with plasmin before they degraded collagen films, and Gavrilovic et al. (12) found that stimulated rabbit articular chondrocytes did not degrade collagen films unless plasminogen was added. A mechanism involving a plasminogenplasmin conversion gains further support from the observations that osteoblasts in culture respond to parathyroid hormone by making both collagenase (15) and plasminogen activator (13) .
We found that both LPS and LTA from a number of different bacterial strains were equally effective in inducing mononuclear cells to produce cytokines able to stimulate gingival fibroblasts to synthesize collagenase. Our conclusion is that if a cytokine-mediated mechanism plays an important role in connective tissue destruction during periodontitis, then the disease can probably be triggered by a large variety of bacteria or by combinations of different bacteria. This is in contrast with those theories which assume that only one or a small number of bacterial strains is able to mediate the onset and progress of the disease. We think that the disease is more likely to be initiated in a susceptible individual by a critical number of organisms and that the population of bacteria always comprises the mixture In all of our experiments we included ConA-stimulated MCM (a source of human IL-1) as a positive control. Recently, human IL-1 has been cloned (2, 21) and its diverse proinflammatory effects have been found to reside in two molecules of distinct amino acid sequence: IL-la (pI, 5) and IL-ip (pl, 7) . It is known that mononuclear cells synthesize IL-1 in response to bacterial antigens (1, 9) . Indeed, March et al. (21) used Escherichia coli LPS (10 lOg/ml) to stimulate the production of mRNA for IL-la and IL-ip in human peripheral blood monocytes to enable them to construct a cDNA library for their cloning experiments. They found that mRNA for IL-ip was about 10 times more abundant than mRNA for IL-la in this system.
In summary, we have presented evidence that one way in which periodontal pathogens might mediate connective tissue destruction during periodontal disease is through the ability of antigens from their cell walls to stimulate cytokine production in circulating mononuclear cells. The cytokines then induce MP synthesis in resident gingival fibroblasts, and matrix degradation is initiated extracellularly. The cytokines responsible remain poorly characterized, but much circumstantial evidence suggests that IL-la and IL-ip are likely to be involved. It is also possible that tumor necrosis factors play a significant role. It has recently been established that both tumor necrosis factor ax, produced by antigen-activated macrophages, and tumor necrosis factor , (formerly known as lymphotoxin) also exhibit many of the activities previously described for IL-1 (8, 9, 27) , including those on connective tissues (3, 7, 26) .
